The matter bounce scenario allows for a sizable parameter space where cosmological fluctuations originally exited the Hubble radius when the background energy density was small. In this scenario and its extended versions, the low energy degrees of freedom are likely responsible for the statistical properties of the cosmic microwave background power spectrum at large length scales. An interesting consequence is that these modes might be observable only at relatively late times. Therefore low redshift observations could provide evidence for, or even falsify, various bouncing models. We provide an example where a recently hinted potential deviation from Λ-cold-dark-matter cosmology results from a dark matter and dark energy interaction. The same interaction allows matter bounce models to generate a red tilt for the primordial curvature perturbations in corroboration with cosmic microwave background experiments.
I. INTRODUCTION
The recently released cosmic microwave background (CMB) data from the Planck Collaboration has constrained the value of the spectral index to be n s = 0.968 ± 0.006 [1] , verifying at high precision a nearly scale-invariant power spectrum of primordial curvature perturbation with a slightly red tilt. These properties are naturally achieved in inflationary cosmology where a nearly scale-invariant power spectrum is associated with an almost constant Hubble scale during inflation as described by cosmological perturbation theory [2] . Despite the many successes of the inflationary universe paradigm, recent precision observations are beginning to statistically disfavor many of the simplest (polynomial field potential) models (see, e.g. Planck [1] , and the BI-CEP2/Keck Array [3] ). In light of the latest observations it is worthwhile to continue to search for potential alternative theories of the early Universe. The study and interpretation of primordial cosmological perturbation theory may also be performed in alternative early Universe paradigms, such as bouncing cosmology [4] [5] [6] , ekpyrotic cosmology [7, 8] , the pre-big bang model [9, 10] , and string gas cosmology [11] [12] [13] . Among some of these scenarios, it was pointed out in Refs. [14, 15] that a massless scalar field will acquire a scale-invariant power spectrum when its vacuum fluctuations are allowed to
The aforementioned scenario, known as matter bounce cosmology, has been extensively studied in the literature. A challenge matter bounce cosmology has to address is whether the scale-invariant primordial power spectrum can survive the bouncing phase. This issue has been studied in several models, for example, the quintom bounce [16, 17] , the Lee-Wick bounce [18] , the Horava-Lifshitz gravity bounce [19] [20] [21] , the f (T ) teleparallel bounce [22] [23] [24] , the ghost condensate bounce [25] , the Galileon bounce [26, 27] , the matter-ekpyrotic bounce [28] [29] [30] , the fermionic bounce [31, 32] , etc. (see, e.g. Refs. [33, 34] for recent reviews). It was found in general that on length scales larger than the time scale of the nonsingular bounce phase, both the amplitude and the shape of the power spectrum remain unchanged through the bounce [35, 70] .
Successful models of a nonsingular bounce must satisfy various observational constraints from CMB measurements. In particular, such models must yield a red tilted spectral index while satisfying both the non-Gaussianity constraints [36] and the upper bound on the tensor-toscalar ratio. Compared to the inflationary paradigm, the simplest matter bounce models do fall short of achieving all these requirements; see Refs. [4, 6] for comprehensive reviews. The mentioned shortcomings resulted in various extensions of the original matter bounce paradigm. For instance, one may realize a small deviation from the exact matter contracting phase to obtain the red tilt. This was achieved in the quasi-matter bounce cosmology [37, 38] where a very specific and tuned form of the scalar field potential was introduced, making the models potentially unnatural. Recently, it was proposed that a Λ-cold-darkmatter (ΛCDM) bounce scenario could also solve the tilt problem by simply considering a cosmological constant with an almost pressureless dark matter fluid during the contracting phase [39] . However this natural sounding scenario produces too much running of the spectral index, and we will discuss this in Sec. IV. Finally, obtaining a small tensor-to-scalar ratio while staying in the regime of low non-Gaussianities has been more challenging [35] . In the conclusion we will comment on a mechanism that can potentially achieve this and also nicely align with the philosophy of this paper.
The goal of this paper is to determine whether viable models of the matter bounce can be constructed using low energy degrees of freedom (DOF) that can be studied through low redshift observations. This is motivated by the result of Sec. III which argues that, for a large percentage of the possible matter bounce models, it is the low energy physics which gives the description of the Universe when the CMB modes first exit the horizon. The ΛCDM bounce scenario would have been an example of this idea but does not agree with the CMB data. Dark energy and dark matter are the two dominant components governing the evolution of the Universe today and in the ΛCDM model, those two sectors are decoupled and probed indirectly through their gravitational effects. However there exists the possibility of a small, but nonzero, interaction between the dark sector. This scenario is dubbed the interactive dark energy (DE) model (see Refs. [40] [41] [42] for earlier literature and Refs. [43] [44] [45] for comprehensive reviews on DE dynamics). The interaction term between DE and dark matter (DM) could give rise to new features in the formation of the large scale structure (LSS), and the corresponding constraints were studied extensively in the past (for example, see Refs. [46] [47] [48] [49] [50] [51] [52] and references therein). In particular, the recent BOSS experiment of the SDSS Collaboration [53] indicates a slight deviation (at 2σ C.L.) in the expected ΛCDM value of the Hubble parameter and the angular distance at an average redshift of z = 2.34. These observational hints could be modeled by wCDM [54, 55] and interactive DE [56] [57] [58] models. A statistical analysis of these models using the BOSS data was done in Ref. [59] .
Here, we consider the influence of the DE and DM interaction during the contracting phase assuming that primordial cosmological perturbations were mainly generated by the vacuum fluctuations of a massless scalar field. In our model, the dark interaction modulates the background evolution to yield a small deviation from the exact matter contraction phase when the Universe was dominated by DM before the bounce. We find it is possible to obtain a red tilt for the primordial isocurvature perturbations which can then be transferred into the adiabatic mode. In addition, because the dark sector interaction term may survive the bounce and influence late-time dynamics 1 , this physical interpretation of the CMB's red tilted power spectrum would be connected to the essence of the DE and DM dynamics measured by astronomical surveys in the late-time Universe. The interaction would produce observable signatures in the LSS of which we may already have discovered hints [61] . This would provide a testable mechanism that explains the CMB measurement of the spectral index in the context of the matter bounce scenario.
The paper is organized as follows. We begin with a brief review of the background and perturbation theory of a matter bounce cosmology in Sec. II along with the shortcomings of the original scenario. In Sec. III we perform the analysis of the energy scales that was present at the time the primordial perturbation modes associated with the CMB window were initially exiting the Hubble radius. From this study, we show that a sizable parameter space allows for a very low energy density at that epoch, and hence any new exotic DOF imparting the statistical properties of the CMB perturbations could in principle be probed with late-time observations where they can become more apparent. In Sec. IV, we first revisit the possibility of generating a red tilt for the power spectrum of primordial perturbations within the ΛCDM bounce and describe why it fails. Afterward, we show that a tilt can be achieved after assuming an existence of the interaction term between DE and DM which also causes a small deviation from perfect ΛCDM expansion at late times. We conclude with a discussion in Sec. V.
II. ESSENTIALS OF BOUNCING COSMOLOGIES
Here we provide a brief overview of general features found in bouncing cosmologies. For details see the reviews [6, 34] . Bouncing scenarios postulate that the Universe underwent a contracting phase prior to our current expanding phase. As sketched in Fig. 1 , this possibility naturally solves the horizon problem. It can also address the monopole problem if the bounce occurs at an energy scale below the one needed to generate the massive relics; however, the scenario is impartial to the flatness problem: while curvature becomes more apparent as a universe expands, the opposite occurs in the contracting phase, and curvature becomes progressively unobservable. The two effects could cancel out but one might have to impose some degree of flatness by hand.
Bouncing models have roughly three distinct periods. There is an initial regime of contraction in which the background becomes dominated by fluids having progressively larger EoS. This leads to the bouncing phase followed by a period of reheating leading to an expanding radiation dominated stage. Here we are not concerned with the details of the bounce and reheating phase, and will focus on the period of contraction. We first discuss the evolution of the background in Sec. II A, and then analyze the statistical properties of cosmological perturbations in Sec. II B.
A. Contracting phase
As the name suggests, the matter bounce scenario assumes that the Universe underwent a matter dominated contraction phase. The length of this period depends on the relative energy density of matter and other components having different equation of state (EoS). If no interactions exists, the Hubble parameter evolves according to
where ρ * is the energy density of each component when the scale factor is normalized at the present time a = 1. For our purposes it suffices to consider the following components in Eq. (1): a cosmological constant, matter, radiation, anisotropies, and a scalar field φ with an EoS of w respectively.
As the scale factor decreases during the contracting phase, energy densities with larger EoS tend to progressively drive the Hubble expansion. A major obstacle in any bouncing universe is the anisotropy problem which leads to a Mixmaster universe [62] . Anisotropies have an energy density scaling as a −6 due to their EoS being w = 1 and therefore dominate over all other forms of energy listed in Eq. (1). The universe becomes increasingly anisotropic and chaotic, making it impossible to track the background evolution. The common way to bypass this problem is to postulate a super-stiff fluid with w 1 making the scale factors evolve very slowly, thereby preventing the anisotropy from grow appreciably. This is known as an Ekpyrotic phase and this stiff fluid dominated Hubble expansion is the only relevant epoch in the Ekpyrotic scenario [7] .
The condition H = 0 must hold at the bounce point if the Einstein equations are to remain valid. This requires a fluid with effectively negative energy density in order to cancel the large contribution from the other components discussed above. Such scenarios are called nonsingular bounces as they are able to evade singularity theorems and the entire evolution of the bounce may be tracked analytically in a consistent effective field theory (EFT) framework [63] . On the other hand, singular bounces invoke unknown quantum gravity effects that are said to resolve the timelike singularity. If these quantum gravity effects occur for a very short time, one may treat the bounce phase as a singular surface and then attempt to (ambiguously) apply matching conditions to follow the evolution across the bounce. Recent development in Ref. [64] introduce methods to track the classical paths of perturbations in the complex plane, and thereby smoothly go through the bounce, avoiding the cosmological singularity. See Ref. [6] for detailed discussions and examples of both types of bounces. Figure 1 shows the cartoon of a bouncing scenario in conformal time. One notable feature is how certain comoving modes become larger than the Hubble radius as it decreases during the contraction. Note that the small scale modes in the CMB entered the Hubble radius during a radiation dominated period. As the matter bounce scenario requires these same modes to exit the Hubble radius during a matter dominated epoch, it implies that a perfectly symmetric bounce cannot occur. The cosmological history must therefore be asymmetric. This can be obtained by having a period of "reheating" in which some of the energy density is transformed into radiation [65] allowing for a longer period of radiation domination after the bounce.
B. Generation of perturbations in a bouncing model
As discussed in the Introduction, fluctuations in the adiabatic direction of known bouncing models will generically yield a scalar power spectrum of which the tilt is irreconcilable with CMB measurements. Hence one has to resort to an entropic mode which must eventually seed the fluctuations seen today. Here we briefly review the details behind those statements. Our scenario requires two key ingredients. The first is some matter to produce the correct contraction while the second is a homogeneous massless scalar field ϕ.
The scalar fluctuations can be characterized by the comoving curvature perturbation of which the Fourier mode k is given by [66, 67] 
where ψ k is the curvature perturbation, ρ is the energy density, p is the pressure density and δq k is the scalar part of the 3-momentum. We can rewrite R k in terms of gauge-invariant variables describing each individual fluids. Namely, defining Q
For instance a massive scalar field χ with potential V (χ) = m 2 χ 2 /2 will have an EoS that oscillates around zero. This field can drive a matter contraction provided these oscillations occur on a time scale much shorter than a Hubble time. Throwing a massless scalar field ϕ in the FIG. 1: A potential depiction of a nonsingular bounce in conformal time. A mode λ first exits the Hubble horizon prior to the bounce and reenters thereafter. The different times label different epochs: a nonsingular bounce phase starts at τB−, ends at τB+ and then a reheating phase occurs until τ reh . The blue-dashed conformal Hubble radius represents only one particular model where the background EoS is w > 0 except during the bounce. The brown dot-dashed line is another possible evolution if some energy density with EoS having w < −1/3 dominates the evolution between the bounce and reheating. We will remain agnostic about what happens in the shaded bouncing region and focus on studying the contracting phase beforehand and assume a standard radiation dominated Big Bang cosmology afterward. When discussing the energy scale of the matter bounce in Sec. III, we will make the assumption that the uncertain shaded region, encompassing the start of the bouncing phase until the end of reheating, occurs quickly enough that it can be well approximated by a singular bounce where the scale factor is continuous but the Hubble parameter might not. mix, we have a two field model which was studied in Ref. [29] and allows us to write
with
is the corresponding one for χ). Hence, as long as χ dominates the energy density ρ ∼χ 2 + m 2 χ 2 we haveχ φ and the spectrum of R k is set by Q (χ) k . This can change if ϕ becomes the dominant field and reflects some of the time dependence of R k if there is a significant nonadiabatic pressure component.
We define u
as these variables have equations of motion that can be written as [67] ,
For the massless scalar field this is solved by the two solutions,
At very early times, when kτ 1, imposing the Minkowski vacuum state picks out the A = 1, B = 0 solution. At late time when τ k 1 this initial condition evolves to yield a scale-invariant spectrum
The situation is more complicated for the massive field due to the a 2 m 2 term. If the field is to mimic matter we require that m 2 a 2 k 2 . Then at small scale we can impose initial conditions using the Wentzel?Kramers?Brillouin (WKB) approximation,
which is valid if m 2/τ . This approximation turns out to fail when m 2 a 2 ∼ a /a and transition to a solution of the form u (χ) k ∼ Aτ 2 + B/τ with both coefficients A and B set by the initial conditions which are independent of k. Therefore we can conclude that the amplitudes of the modes u (χ) k have no k dependence and the spectrum is deeply blue as it goes like P (χ) k ∼ k 3 . One can note that the initial spectrum of perturbations will depend on the details of the component responsible for the matter contraction. To see this in more detail let us assume for simplicity that no entropy perturbation exists. The only energy component will be an unknown matter-like fluid described by its EoS w = p/ρ 0 and its speed of sound c Hcs [68] ,
The properties of the fluid on the evolution of u k are captured by z and the speed of sound. This would generate a scale-invariant spectrum provided that z ∝ a anḋ c s /c s H. A scalar field with exponential potential can fulfill these properties [37, 38] , but in our previous example we had time varying EoS for χ which made z not proportional to a. More realistically we would expect the matter contraction to be due to some nonrelativistic perfect fluid composed of dust particles. In this case the
Nevertheless, even with an entropic mechanism the above models do not generate a slight red tilt. To obtain such feature, consider a background evolving as a ∼ τ p so that a /a = p(p − 1)/τ 2 . A slight deviation from perfect matter contraction, parametrized by 1 through p = 2(1 + ), gives a /a ≈
. This allows the spectral index of the massless scalar field to be red as it is given by n s − 1 = 3 − 2v s = −4 . The measurement of n s ∼ 0.968 ± 0.006 provided by the latest Planck data[1] determines the needed value of . A mechanism converting this entropic perturbation to an adiabatic one, such as presented in Ref. [29] , would provide R k with the correct spectrum.
The hope we would like to convey in this paper is that such deviation from perfect matter contraction should be due to physics that still impacts the cosmological evolution after the bounce and hence be tested. The logic behind the statement stems from an EFT point of view: if the matter bounce occurs at low energy scales-a question that will be explored in Sec. III-only the low energy degree of freedoms will be important to describe the dynamics. Such low energy DOF might only become observable again at late times, the cosmological constant being an example. If future observations could detect a departure from the expected ΛCDM expansion, it could be a nice hint for the validity of a matter bounce if the same departure during the contraction allows for a red tilt to be generated. This point of view naturally raises questions about the nature of the required massless isocurvature mode. For instance where is it today? In the current paper we do not attempt to give a satisfying answer to this question. It could be something along the line of a quintessence field responsible for dark energy, a natural candidate in the context of Sec. IV B where we will consider an explicit model that realizes the red tilt.
III. ENERGY SCALE DURING CONTRACTION
In this section we argue that matter bounce models can generically have small energy density at the time the CMB modes exited the horizon. We will make the assumption that the background evolves with an EoS w(t) ≥ 0 that is increasing (decreasing) toward (away from) the bounce. This insures that the comoving Hubble radius H −1 shrinks and grows in a way similar to what is shown by the blue-dashed curve on the plot of Fig. 1 . This would be false if the bounce itself was triggered by a null energy condition (NEC) violating fluid as it would have w < −1 which is smaller than w = 0 during matter contraction (and seen around the bounce point of of Fig. 1 ). This assumption can also break down if a phase transition-which one could expect to happen-occurred at very early time. In that case, parts of the Universe can be trapped in a false vacuum leading to topological defects. These defects can cause an inflationary stage to occur which then makes it impossible to meaningfully estimate the energy scales involved before the bounce. As such, we want to focus on scenarios which do not have (or have an expansion close to) an inflationary period between the matter contracting phase and today. We also have not found evidence for any type of matter (other than the cosmological constnat (CC)) with w < 0, and it is reasonable to consider bouncing models that do not have such ingredients dominating the background for long period of times. This implies that our conclusions, and assumption, will be approximately correct provided the scale factor does not evolve appreciably during any times some energy component with negative EoS dominates. For instance, we assume the bounce occurs in such a way that the scale factor is of similar size across the bounce, i.e. a(τ B− ) a(τ B+ ) using the notation in Fig.  (1) .
The size of the CMB's smallest length scale probed by Planck is about 100 times smaller than the baryon acoustic oscillation (BAO) scale, which is about 150 Mpc today. We denote the comoving wave number of this mode by k s . It crosses the horizon twice at k s = a − H − = a + H + when it is exiting(entering) at −(+). The largest scale in the CMB is about 10 3 times bigger and labeled by k L = 10 −3 k s . We parametrize our ignorance of the background between the time of the bounce and the time k s exits the Hubble radius with a constant effective EoS denoted by w − which is some time average of the background EoS. This allows us to relate H − to H B in k s = a − H − and write
which implies,
The energy density when
We similarly parametrize the EoS after the bounce but before big bang nucleosynthesis (BBN) by w + in order to write
This allows us to express a B in terms of the Hubble scale right after the bounce H B+ and at BBN H BBN . Moreover the energy scale after reheating must be higher than ρ BBN MeV 4 but must be below the energy scale of the bounce, and therefore H B ≥ H B+ ≥ H BBN .
Assuming w + ≥ 0 implies ρ s − is maximized by having H B+ as large as possible, we set H B+ = H B to get an upper bound. With this we find 
Three numbers remain unknown: w − , w + and E B . As k s reenters the Hubble radius during the radiation epoch we might expect w + to be close to 1/3. We will then consider two cases to represent Eq. (15) : one with w + = 0 and the other with w + = 1/3. Note that the upper bound becomes smaller as w + increases. As a function of the energy scale of the bounce E B , Fig. 2 shows the upper bound on the energy scale during first horizon crossing
1/4 for various modes k and effective EoS w − . The solid black line represents the energy scale at the time k s exits the horizon if w − 1, i.e. an Ekpyrotic phase takes place between the bounce and τ − when k s = a − H − . If the CMB scales leave the horizon solely during an Ekpyrotic phase (i.e., we do not have a matter bounce scenario) we still can compute E k L which is shown by the dashed blue line. We see that large numbers such as E ks ∼ 10 5 GeV can be achieved if ρ B occurs near the Planck scale. On the other hand a matter bounce model would require a matter dominated contraction prior to τ − . This would yield a E k L given by the dotted black line which is at most on the order of a GeV. Therefore, in models with a very long Ekpyrotic phase we expect E k to be quite large and independent of w + . Of course it is sensible to expect the matter dominated phase to last for some time after τ − , and hence at the other extreme we can have models with a matter domination epoch for most of the contracting phase with w − 0. This yields a E ks (E k L ) shown by the solid(dotted) red line. The energy scales are much lower and take values as low as 10
−28
GeV for w + = 1/3 and 10 −18 GeV for w + = 0. Interpolating between the two extremes of w − we will find that any specific model should lie in the green region. Nevertheless, this identifies the existence of a large parameter space which has matter bounce models which generate the statistical properties of the CMB fluctuations at very low energies. These numbers should be compared to the current energy density today, ρ 0 (10 −12 GeV) 4 .
FIG. 2:
A plot of an upper bound on the energy scale during Hubble crossing of the CMB modes in the contracting phase as a function of the energy scale at the bounce. The solid lines represent the smallest mode ks while the dotted ones represent the largest mode kL. The shaded region characterizes our ignorance on the effective background EoS w− from the time ks crosses the horizon until the bounce. The top solid line occurs when w− 1 while the bottom solid line is when w− = 0. We expect any matter bounce models to fall in the green region that interpolates between these two extremes. These plots do depend on the effective EoS after the bounce and BBN which we denote by w+. See the text for additional details.
What happens if w + is negative? The power of E B is given by 8(w−−w+) (1+w+)(1+3w−) and so lowering w + will increase the bound on ρ s − to render it meaningless. Models that have such features push ρ s − to large values. However, as no topological defects have been detected, if they were produced they must have decayed into radiation at very early times. Additionally, the monopole problem could impose bounds on the bounce scale which could further reduce the parameter space of Fig. 2 . Hence we restate that such components can exist and yet still impose a strong lower upper bound on ρ s − as long as the defects do not dominate the evolution for a significant amount of time. It would be interesting to see how these conclusions are affected when analyzing models with such features.
IV. CMB RED TILT
We have mentioned earlier that a slight deviation from matter contraction can produce a small tilt in the power spectrum of a massless scalar field. A red tilt is generated if an energy density with w < 0 dominates during the contracting phase. To produce a slight red tilt, one might consider pressureless matter w = 0 to be the dominant contribution and some subdominant energy component with w < 0 so that the effective w is slightly less than, but still very close to, zero. Some possibilites of energy densities having this behavior includes: the CC with w = −1, defects such as domain walls with w = −2/3 and cosmic strings with w = −1/3. The last two examples might create additional difficulties for the homogeneity of the background if they become significant when approaching the bounce, for instance a network of intersecting strings would eventually evolve as an inhomogeneous radiation fluid [71] . It has been argued that a cosmological constant could give rise to the desired tilt [39] ; however, we demonstrated in Sec. IV A that the desired tilt cannot be maintained for a wide enough range of k as there will be significant running. This issue can be avoided by using an interacting dark energy model which we explore in Sec. IV B.
A. Matter contraction with noninteracting dark energy (the ΛCDM bounce scenario)
Assuming the EoS of dark energy is p d = wρ d , the Friedmann equation is
with ρ m = ρ m0 a −3 and ρ d = ρ d0 a −3(1+w) . For w = −1 we return to the ΛCDM bounce scenario discussed in Ref. [39] . We introduce the ratio of DM and DE energy density ≡ ρ m /ρ d and define 0 ≡ ρ m0 /ρ d0 , so that = 0 a 3w . In conformal time, Eq. (17) can be expressed as
Taking a derivative with respect to τ ,
As 1 in the matter dominated stage, we can solve for a to first order in 1/ ,
which leads to the following expression for the ratio a /a, a a
. Therefore, as shown in Sec. II B, the spectral index of our massless field is estimated to be,
For w < 0, this gives the desired red tilt. Note that because = 0 a 3w 0 τ 6w is time dependent, the spectral index should be calculated at the time of horizon exit |τ k | ∼ 1/k of each mode. Thus we find
which is heavily dependent on k for w −1. In this case, the spectral running is
and is larger than the absolute value of n s − 1 by a factor of 6. The current observational bounds on α s are smaller than n s − 1 by about 1 order of magnitude [1]; therefore, the ΛCDM bounce scenario cannot generate the observed cosmological perturbations.
B. Matter contraction with interacting dark energy
We now present a mechanism to generate a red power spectrum with little running. The mechanism relies on the introduction of a dark matter and dark energy interaction. Such interactions in the dark sector have been considered previously in the literature [41, [72] [73] [74] [75] [76] as an attempt to explain the coincidence problem and are precisely of the form needed to generate a slight red tilt with little running in a contracting universe.
Consider a phenomenological model with dark energy and matter being two fluids having energy-momentum tensor T µν d and T µν m respectively. By Einstein equations and the Bianchi identity, the total energy-momentum tensor is conserved,
Here, ∇ µ T 
Here we have used p m = 0 for the matter component and assume a constant EoS w = p d /ρ d −1 for dark energy.
2 Thus for Q > 0, energy flows from dark energy to matter, and for Q < 0 energy flows from matter to dark energy. Using Eqs. (26) and (27) , the ratio of matter and dark energy density ≡ ρ m /ρ d evolves as
Unlike the ΛCDM universe corresponding to Q = 0, this expression allows for a nontrivial fixed point if Q ∝ H 3 . In what follows we consider one of the simplest models of interacting dark energy that have this feature, namely Q = 3HΓρ m with a constant Γ > 0. In this case, Eqs. (26) and (27) become
Here we used the scale factor a instead of the cosmic time t as it is more convenient to describe the evolution before the bounce. Using this new time coordinate, Eq. (28) becomes
This equation can be solved analytically. Setting the initial condition = 0 at a = 1, we have
In Fig.3 we compare (a) for an interacting dark energy model against the ΛCDM prediction and show how the fixed point is approached at = + for a 1. The value of + is obtained using Eq.(31) and the condition d da = 0. We find two constant solutions of ,
Thus in a situation with Γ 1, we have ρ+ 1 for a 1 and this nearly constant stage is matter dominated.
In what follows, we show how a slight red tilt for P ϕ (k) is produced from this interacting dark energy model. Solving Eq.(29) we find ρ m ∝ a −3(1−Γ) and using this with the first Friedmann equation (17) in the regime where is approximately constant, we find 
The spectral index is therefore, n s − 1 = 3 − 2v s = 4 − 4 1−3Γ . The latest Planck measurements [1] set n s = 0.968 ± 0.006 which fixes Γ = 0.0026 ± 0.0005 in order to get the measured red tilt. Another feature, arising due to being near the fix point, is that the running of n s will be small and negative, and the exact value is related to the time variation of .
Having such an energy transfer will also affect the late-time Universe by altering the cosmological expansion. Therefore this model can be, and has been, tested by late-time observations [57, 59] . The analysis of Ref. [59] fits Γ = 0.002272 +0.00103 −0.00137 at the 68% confidence level for Planck+BAO data, and Γ = 0.001494 +0.00065 −0.00116 at the 68% confidence level for Planck+BAO+SNIa+H0 data. There are still large uncertainties in these constraints, but the fit suggests a 2 sigma deviation from ΛCDM and an agreement with the demands to generate the proper red tilt. Improvements on measurements in the not so distant future will further determine the viability of such scenarios.
V. CONCLUSION
As an alternative to the simple picture given by the inflationary scenario, current matter bounce models require many intricacies to agree with observations. The original idea of having a single massless scalar field responsible for the CMB perturbations cannot explain the observed red tilt. Additional parameters must be added to achieve these features. This presents a difficult challenge for the matter bounce scenario, however, if the new parameters are expected to exist, observational opportunities are also present. This is where a particularly interesting feature of the matter bounce comes into play: the energy density of the Universe at the time the statistical properties of the perturbations are frozen in can be very low, in some cases many orders of magnitude smaller than today's energy density. Hence, unlike other pre-Big Bang or early Universe scenarios, only low energy degrees of freedom are relevant during the times of CMB mode horizon crossing. The observations that uncover those degrees of freedom are made at low redshifts where their effects are most easily seen. The cosmological constant is an example: it is a parameter of the theory that only becomes important during the late stages of our Universe. In a universe where the matter bounce occurred, this opens the possibility of determining the identity of the extra parameters that make up a viable model, especially when considering the recent cosmological hints of modified gravity [61] . To illustrate how the hunt for these parameters might ensue, we note that a deviation from perfect matter contraction would give a red tilt to perturbations. Whatever is responsible for this deviation is likely to also cause a similar effect after the bounce and can be observationally detected. The introduction of a coupling in the dark sector that allows energy to flow from dark matter to dark energy is able to support a contracting phase giving the correct n s . These interacting models have been considered as extensions of ΛCDM [57, 59] and the best fit to the Planck+BAO+SNIa+H0 data has the coupling Γ deviate from zero at the 2 sigma confidence level. Intriguingly, the strength of the coupling needed to set the measured CMB value of n s sits comfortably within the error bars found by this analysis.
It is interesting to speculate further about the potential new signatures that might arise in viable matter bounce models. For instance, another issue faced by simple matter bounce scenarios is to realize a small tensor-to-scalar ratio consistent with CMB observations, and this problem has been comprehensively reviewed in Ref. [4] . However, if future low redshift observations could detect a small graviton mass [82] , this feature would change the details of the tensor modes vacuum state and could affect the predictions for the tensor-to-scalar ratio. The details are left for future work, but the role of a massive graviton in matter bounce models is yet another example of a low energy DOF that can be searched for. Additionally, probing the matter bounce using low redshift observations could also shed light on experimental tests of nonsingular bounces by other mechanisms, such as by using the direct dark matter searches or the BBN bound as analyzed in Refs. [78] [79] [80] [81] .
